We show that the partition function of quantum Jackiw-Teitelboim (JT) gravity, including topological fluctuations, is equivalent to the partition function of a Maass-Laplace operator of largeimaginary-weight acting on non-compact, infinite area, hyperbolic Riemann surfaces of arbitrary genus. The resulting spectrum of this open quantum system is semiclasically exact and given by a regularized Selberg trace formula, namely, it is expressed as a sum over the lengths of primitive periodic orbits of these hyperbolic surfaces. By using semiclassical techniques, we compute analytically the spectral form factor and the variance of the Wigner time delay in the diagonal approximation. We find agreement with the random matrix theory (RMT) prediction for open quantum chaotic systems.
spectrum so it is possible to carry out a spectral analysis, is still an open problem. Recently, a random matrix model for JT gravity has been proposed [28] , see also [29] [30] [31] , as a possible ultraviolet completion of the theory (see [32] for a generalization of this idea when fermions are included). More specifically, it assumes that the Hamiltonian of the boundary theory is a random matrix. Therefore all results are obtained after an ensemble average whose physical meaning on the gravity side is not straightforward.
One added problem for a quantization of JT gravity is that the boundary theory is Liouville quantum mechanics [33] , a one-dimensional system with a continuous spectrum which precludes any quantum chaotic behavior. Quantum chaos must therefore be necessarily a feature of the bulk, not the boundary. Indeed, it has recently been shown [34, 35] that bulk JT gravity maps to the dynamics of a quantum particle on the hyperbolic space in the presence of an imaginary magnetic field. This spectrum, which has been computed analytically [36] , is still continuous which prevents any analysis of spectral correlations.
Here we address this problem by quantizing JT gravity in a way reminiscent to Polyakov's approach to string theory [37] . In JT gravity, the two-dimensional space is rigid of constant negative curvature, in the sense that it is just the solution of the classical equation of motion. The dynamics comes from the position of the boundary which acts as the physical boundary of the system. We relax the rigidness condition of the surface by allowing topological fluctuations of the geometry. This leads to a genus expansion, with genus h ≥ 1, of non-compact Riemann surfaces of infinite area. We show that the JT gravity partition function can be written as a sum over genus of the partition function associated to the Maass-Laplace operator on the above surfaces in the limit of large (imaginary) weight of the holomorphic form. The area of the Riemann surfaces is infinite so it is possible the existence of complex resonances in the spectrum, poles of the resolvent. We found that the spectrum/resonances can be computed exactly as a sum over classical primitive periodic orbits by using the Selberg Zeta function and generalized Selberg trace formula. The resulting spectrum/resonances, which does not involve any ensemble average, only depends on classical information such as the primitive periodic orbits and the classical escape rate. We then compute, using semiclassical techniques, the spectral form factor and the variance of the Wigner time delay analytically and find that it agrees with the RMT prediction. This indicates that for sufficiently long times JT quantum gravity -in the above mentioned limit-is fully ergodic. It also suggests that quantum chaos may be one of its features at all time scales.
II. QUANTIZATION OF JT GRAVITY
The classical Euclidean action for JT gravity is:
where φ stands for the deviation of the dilaton field from its value at zero temperature, φ 0 , and χ is the Euler characteristic of the surface. The classical equation for the dilaton sets R = −2 which implies M is a portion of rigid AdS 2 (Euclidean) space which we will represent using the hyperbolic half-plane model
With the remaining term in the action, the classical solution for the dilaton can also be easily found [34] . The nontrivial dynamics of the model comes from the position of the physical boundary in the rigid H space. Boundary conditions for the metric and dilaton along the physical boundary are given respectively by ds| bdy = du φ r and φ| bdy = φ r where u is the boundary theory time and parametrizes the distance to the H boundary. In the → 0 limit, where the physical boundary approaches the rigid space boundary, the action in eq. (1) becomes:
where Sch stands for the Schwarzian and ϕ(u) expresses the bulk time as a function of the boundary time [23] . Throughout we will refer to the → 0 limit as the Schwarzian limit. This action results from the spontaneous and explicit breaking of conformal symmetry, down to SL(2, R) symmetry, due to quantum and finite temperature effects. Different techniques and tools, from combinatorial analysis [27, 38] based on the shared symmetry with the SYK model, to an explicit evaluation of the path integral [39] and an mapping to a charged particle on H in the presence of an imaginary magnetic field [34, 35] , have been employed to compute spectral and thermodynamic properties of JT gravity. Here we will focus in this latter approach which can be summarized as follows (see [34, 35] for details). After integrating over the dilaton field and using the Gauss-Bonnet theorem, the remaining term containing the extrinsic curvature in the action of eq. (1) can be rewritten as (
is the area surrounded by the closed boundary curve of fixed length, L = β φ r . The area term can be interpreted as the flux of a uniform electric field on H of strength q = φ r , or equivalently a uniform imaginary magnetic field b = iq. It is worth noticing that the analogy of JT gravity with the charged particle is strictly valid at the classical level since quantum mechanically the path integrals seemingly have different properties, as explained in detail in [35] . This ambiguity is eliminated whenever we consider the Schwarzian limit, that in the present context involves considering large b. In the following, we will consider the case of finite b and take the limit at the end in the expressions whenever necessary.
In the quantum level, the path integral quantization of JT gravity -using the analogy with the charged particle-is carried out including the constraint of trajectories of fixed proper length, which is related to the temperature. By considering an appropriate regularization prescription, it was found [34, 35] that the partition function of JT gravity is equivalent to that of a charged particle on H in the presence of an imaginary magnetic field. The final form of the partition function is,
where the gauge A x = −b/y was used. The quantum properties of this system are then governed by the 
on H for automorphic forms of weight m = 2b. The dynamics of the particle is influenced by the non-zero magnetic field such that for sufficiently large magnetic field, in addition to the monotonous continuous spectrum, we have a discrete spectrum associated to the Landau levels on H [36] . For an imaginary magnetic field, the spectrum of the Hamiltonian is always continuous [34, 36] with energy E = (1/4 + k 2 − q 2 )/2. In the Schwarzian limit, the spectral density for the Schwarzian action is recovered [34, 35] .
The above Hamiltonian is the starting point of our analysis. We note that the quantum gravity problem defined on a rigid half hyperbolic plane H with a dynamical physical boundary is traded to the study of the spectral properties of the Maass-Laplace operator on H, which resulted from the solution of the classical equations of motion. Typically, a distinctive feature of quantum systems is a discrete spectrum. However, the spectrum related to the system above is absolutely continuous. We also note that the quantization of gravity cannot be complete because the geometry is still given by the solution of the classical equations of motion. In the following, we consider quantization of JT gravity that will potentially lead to a discrete spectrum of the above model and to spectral correlations given by RMT which confirm the quantum chaotic nature of JT gravity even for long times of the order of the Heisenberg time.
A natural way to generalize the above arguments is by considering contributions of surfaces with nontrivial topology. This amounts considering topological fluctuations in the model which are not solutions of the classical equations of motion. In the functional form of the JT gravity problem eq. (1), the metric is still constrained to be of constant negative curvature at any point, although the latter enters as a delta function constraint [28] . It is then clear that the functional integral will have contributions from hyperbolic Riemann surfaces [28] with an asymptotic AdS 2 boundary [40] and arbitrary genus; Σ h , h ≥ 1. To be more precise,
contributions from bounded sub-regions of hyperbolic non-compact Riemann surfaces of infinite area and fixed boundary length where the boundary conditions of the JT gravity problem are met. Explicitly, we integrate the dilaton along an appropriate contour to obtain
The functional integral is reduced to the boundary term, which according to the previous discussion -the genus zero case-is equivalently described by the path integral of a charged particle in an imaginary magnetic field on H. For non-zero genus, we use Riemann uniformization to argue that the full path integral involves considering contributions of non-compact Riemann surfaces of infinite area and arbitrary genus, where a charged particle propagates. In addition, each of these contributions are weighted by a term proportional to the Euler characteristic χ = 1 − 2h. The final form of the functional integral is
where Z H is the partition function associated to the Poincare half plane eq. (3) and Z h
for the higher genus hyperbolic Riemann surfaces, the remaining integral accounting for their moduli with metric given by the Weil-Petersson metric [28] . At genus zero, the quantization of this system has been studied in the literature [34, 35] . However the spectrum is continuous and monotonous which prevents the calculation of spectral correlations. By contrast, for higher genus surfaces, the resulting spectrum is amenable to a level statistics analysis. We will use spectral theory techniques concerning trace formulas in order to compute these higher genus partition functions, associated to the spectrum of the Maass Laplacian (4) on the corresponding Riemann surfaces.
We will see below, using the "equivalence" in eq. (6), that the spectral density associated to Z JTbasically its Laplace transform-has a highly oscillating term which is expressed as a Selberg trace formula, namely, as a sum over the classical primitive periodic orbits of the surface. An explicit analytical evaluation of density-density spectral correlations, such as the spectral form factor, will reveal that the spectrum of JT gravity is quantum chaotic and described by RMT.
Let us briefly clarify the notation we have used. Formally, non-compact hyperbolic Riemann surfaces of infinite area are obtained using Riemann uniformization. Namely, the Riemann surface Σ h is represented by a right coset of the Poincare upper half-plane model H by a Fuchsian group Γ of the second kind [41] . The latter is a discrete subgroup of PS L(2, R) with proper discontinuous action. To be more specific, we consider a fundamental domain F ⊂ H, the geodesic boundaries of which are paired by elements γ of Γ generating a surface X = Γ \ H homeomorphic to Σ h . In addition to the infinite area condition, the surfaces we will be considering are connected, orientable and geometrically finite (finite Euler characteristic). Moreover, the above Riemann surfaces are characterized by their hyperbolic ends. In the absence of cusps, geometric finiteness constraint the end space to be a funnel (infinite area elementary surface). It is then clear that every non-compact hyperbolic Riemann surface of infinite area can be decomposed into separate pieces involving a bordered Riemann surface (compact core) and a funnel (see fig. 1 ). Explicitly, the decomposition is written as X = F ∪ K h where F and K h denote the funnel and compact core subregions respectively.
Sketch of the leading topological corrections to the classical (left most) geometry of JT gravity.
Moreover, a quantity that will come very useful in the forthcoming analysis is the exponent of convergence of a Fuchsian group Γ, which is defined by
where d(z, z ) is the distance on H. For a Fuchsian group Γ of the second kind and geometrically finite we have that the above exponent satisfies δ(Γ) ∈ (0, 1) and equals the Hausdorff dimension of the limit set of Γ. For the infinite area surfaces, the Hausdorff dimension of the limit set is associated to the dynamics of geodesics which either flow around in the compact core or escape to infinity.
A. Role of Moduli Space
Notice that the equivalence between the partition function of JT gravity and Z h Γ\H -in the Schwarzian limitis valid up to the integral over the moduli, as seen from eq. (6). For a genus h Riemann surface, there is a continuous (but finite) number of parameters characterizing (inequivalent) Riemann surfaces with the same underlying topology. The integral in eq. (6) accounts for all these contributions to the JT partition function.
As we will see below, the partition function Z h Γ\H receives contributions from continuous as well as discrete parts of the spectrum. Throughout this work we will focus on the discrete part of the spectrum. The explicit computation of the moduli integral even in this case is not straightforward since it involves performing the integration on functions depending on primitive periodic orbits of the surface [42] . We will not attempt to address this problem here, since the aim of this work is not the detailed knowledge of the spectrum but rather the study of the dynamics of the primitive periodic orbit flow which is, in a sense, independent of Riemann surface deformations which will enable us to study the quantum chaotic features of the spectrum of JT gravity. More specifically, the (discrete) spectrum associated to the Riemann surfaces of genus h is characterized by δ > 0 defined above and the length spectrum, namely, the set of primitive periodic orbits.
In all cases, it has been demonstrated that there is an exponential proliferation of long primitive geodesics [43, 44] , which is a signature of classical chaos and also a key feature [45] to establish the quantum chaotic nature of the spectrum. It is worth emphasizing that a proper understanding of other quantum features of JT gravity will necessarily involve the integration over the moduli space. Another feature that requires additional comment is the role of the moduli space in the computation of two-level and higher order spectral correlation functions. Here, in principle, one should have to consider the correlation of eigenvalues not only for a given genus h surface but correlations of eigenvalues among all the set of surfaces in the moduli space.
However, at least to leading order, this interference effect is likely to be negligible. The reason being that, as
we shall see below, the length spectrum of each surface is unique. According to the Selberg trace formula, the spectral correlation are expressed as products of highly oscillating sums representing different surfaces.
The leading term will be given by autocorrelations, called the diagonal approximation, namely, correlations between primitive periodic orbits of a given genus h surface. Even at next to leading order we expect that it will be dominated by correlations between different periodic orbits of the same surface. It is unclear whether correlation among geodesic of different genus h surfaces could play a role for these subleading contributions but in any case it would not affect our results.
We can summarize the discussion above by saying that, even though for other observables one must necessarily account for the contributions of all set of Riemann surfaces of given genus in the moduli space, this is not very relevant with respect to level statistics since all them have similar features. In this vein, we can then argue that the calculation of the path integral over geometries accepts a saddle point solution that effectively picks a Riemann surface for each topological class, defined by a certain δ and its length spectrum.
Based on the above, we will be able to show that JT gravity is quantum chaotic. Our main aim is therefore to compute Z h Γ\H . Fortunately, this problem has been intensively investigated in both the mathematics and physics literature [46] [47] [48] [49] [50] [51] [52] .
III. EVALUATION OF THE JT PARTITION FUNCTION BY THE SELBERG TRACE FORMULA
In this section we compute the partition function Z h Γ\H associated to the Maass Laplacian eq. (4) on the infinite area hyperbolic Riemann surfaces of genus h. Although, the spectral properties of the above surfaces are not the naive sum of the funnel and compact core contributions, we find pedagogical, and useful in order to set notation and conventions, to briefly discuss separately the spectral features of the above subregions.
A. Spectral features of the isolated compact core and funnel
Let us start with the spectral features of the funnel. In simple terms, Selberg trace formulas relate classical and quantum properties of the system. They contain several contributions depending on the characteristics of the Riemann surfaces and the associated spectrum of the Laplacian. However, there is a universal term given by the length spectrum L X of a given hyperbolic Riemann surface X which corresponds to the set of lengths (γ) of primitive periodic orbits γ, where on the other hand the latter is an element of the conjugacy classes of Γ. Since we are just interested in the chaotic features of the system, it will be enough to discuss this contribution to the trace formula. In the case of the funnel, a regularized trace formula for non-zero magnetic field can be easily obtained following the results in [41] . This is given as the logarithmic derivative of the Selberg zeta function Z F (s) involving the product of the length spectrum labeled by the only closed geodesic of the funnel, F , together with unbounded multiplicities. This expression is not directly influenced by the non-zero magnetic field. Even though the hyperbolic ends determine many features of the spectrum, they are not directly relevant in the study of quantum chaotic features of the system as there is only one short geodesic which is in general negligible to produce any substantial modification of short-range spectral correlations.
For the compact core Z CC -a bordered Riemann surface-the exact analytical expression of the heat kernel, equivalent to the partition function, for non-zero magnetic field is given by the Selberg trace formula [45] [46] [47] [48] [49] [50] [51] ,
where H is the Maass Laplacian defined above, m corresponds to the multiplicities of the primitive periodic orbits and V h = −2πχ -front of the induced continuous contribution to the heat kernel-is the area of the surface. This last dependence has to be removed regarding the interpretation of the partition function as that of a gravitational system, as pointed out in [35] . We notice that the explicit b dependence enters as a simple shift of the case without magnetic field. In addition, to simplify notation, we have not included explicitly the term involving the geodesic related to the border of the surface, see [48] for a full expression.
From eq. (8) we see that the trace formula depends on the corresponding Fuchsian group Γ associated to the quotient surface, which in turn depends on the parameters associated to the moduli of the hyperbolic Riemann surface. However, one of the strengths of the trace formula is that even though we may expect -in general grounds-a change in the length spectrum for different points in the moduli space, the partition function will still be expressed in a very compact form, eq. (8). As was argued earlier, the detailed account of the moduli space is not important for our purposes since the quantum chaotic nature of the motion occurs for all Fuchsian groups associated to a given hyperbolic surface of genus h.
More importantly, unlike the Gutzwiller trace formula [53] , broadly used to compute the spectral density of quantum billiards in flat space, which is only valid in the semiclassical limit, the Selberg trace formula is exact, namely, the exact quantum spectrum of the system is encoded in the primitive periodic orbits of the classical counterpart. Another remarkable feature is that the dependence on the magnetic field is just a prefactor, of no much physical relevance. This feature will greatly simplify the calculation of spectral correlations associated to Z h Γ\H that we discuss now.
B. Spectral features associated to Z h Γ\H
Having discussed the spectral properties of each separate subregion of the hyperbolic Riemann surfaces, we now study them as a whole. For the case of a vanishing magnetic field, the spectrum of the total surface is relatively well understood [41] .
Since the surfaces are non-compact of infinite area, it is more convenient to characterize the spectrum through resonances s which are the poles of the (meromorphically continued) resolvent R(s) = Tr((H − s(1 − s)) −1 ). Even in this more general situation, it is possible to show [54, 55] that the zeros of the Selberg
(1 − e −(s+m) ), Re(s) > 1, provide an exact description of the quantum spectrum/resonances [56] .
More interestingly, for the purpose of the calculation of spectral correlations, the partition function, and therefore the spectral density, take the form of a regularized Selberg trace formula [57] which is given by the length spectrum L X of the surface where the contribution of each primitive periodic orbit is still given by A ,m , as in the compact case eq. (10). However, we note that this length spectrum is in principle completely different from the one corresponding to the compact core. For instance, we expect that in this case some geodesics originally in the compact core are now missing as the surface is now of infinite area and therefore corresponding to that of an open system, where it is possible for them to escape outside the compact core.
Regarding the dependence on the magnetic field, we do not expect a qualitative dependence because the Selberg trace formula above is largely independent of it though no firm conclusion can be achieved until a full analysis of this dependence is carried out.
Even though the spectrum of the Maass-Laplace operator can in principle be computed from information of the length spectrum L X , explicit calculations of the latter for infinite area surfaces are scarce, see [58] for a surface with h = 1. However, our main aim is not a detailed knowledge of the spectrum but rather to clarify whether the Maass-Laplace spectrum, or correspondingly the JT spectrum, is quantum chaotic with spectral correlations described by RMT.
An important quantity which helps answering this question is the the Hausdorff dimension δ of the classical attractor (trapped set) [41, [59] [60] [61] introduced in eq. (7). This dimension is directly related to the escape rate υ = 1 − δ, the rate at which trajectories close to the trapped set escape to infinity in units of the inverse of the Heisenberg time τ H .
Crucial for the forthcoming spectral analysis, is the fact that for all hyperbolic Riemann surfaces of infinite area, δ > 0 [41, 59] . Its specific value will be highly dependent on other parameters defining the surface, such as the number of genus, but it is always positive.
The finiteness of δ is directly related to other relevant results:
• For δ > 0, the number of closed geodesics of length less than t, for t sufficiently large, grows exponentially ∼ e δt /δt [43, 44] . This is a generalized version for hyperbolic Riemann surfaces of infinity area of the so called prime geodesic theorem.
• The eigenvalues with the largest real part is δ and there are no other resonances in the line Res = δ [61, 62] .
• The topological entropy S T of the geodesic flow of trapped set is positive S T = δ [63, 64] .
The finite topological entropy is a distinctive feature of classical chaos while the exponential growth of long periodic orbits play a key role for the demonstration of quantum chaotic features in the spectrum.
In summary, taking into account that the partition function is still given by just the length spectrum L X [56] , with amplitudes A ,m similar to the compact case eq. (10), and that the classical dynamics is chaotic, we broadly expect that quantum JT gravity is also quantum chaotic, namely, its spectral correlations are well described by RMT. In next section we provide evidence that this is the case.
IV. SPECTRAL CORRELATIONS OF JT GRAVITY: SPECTRAL FORM FACTOR AND WIGNER TIME DELAY FLUCTUATIONS
Having investigated the features of the partition function of JT gravity, we now move to the calculation of spectral correlations in order to confirm agreement with the predictions of RMT. For that purpose, the first step is to relate the JT partition function with the spectral density ρ(E) = i δ(E − E i ) =ρ +ρ(E) where the first term stands for the monotonous part whilst the second stands for the oscillating part. We note that the spectrum is in general complex so the spectral density is smoothed out with respect to a Dirac delta function. In general, only the latter enters in observables relevant to establish the quantum chaotic nature of the spectrum. Fortunately, the spectral density is nothing but the Laplace transform of the partition function ρ(E) ∼ C dτ Z(τ) e Eτ with C a vertical path in the complex plane. Taking into account that the JT partition function -given by the trace formula-is also naturally split into a monotonous and oscillating part, it is straightforward to show thatρ
where E ∼ k 2 , and
where for convenience we have not included multiplicities m as they lead to subleading corrections in the correlations. We note that different length spectra leads to different attractor dimensions δ > 0. We recall also that the length spectrum for the whole surface is not in principle related to that of the compact core eq. (8).
In order to characterize the nature of the quantum dynamics we will investigate the spectral form factor and the Wigner time delay fluctuations. The latter is an observable employed to characterize the spectrum of open quantum chaotic systems. It is relevant in our case since 0 < δ < 1 and therefore the escape rate υ > 0.
A. Spectral form factor
The simple form corresponding to the oscillating part of the spectral density -given in terms of a sum over primitive periodic orbits-makes possible the analytical calculation of spectral correlations by using semiclassical techniques. Our aim is to show explicitly that level statistics agree with the RMT prediction which is a signature of quantum chaos. If the escape rate υ is negligible, namely, many closed geodesics stay in the compact core, then, the lowest part of the spectrum is discrete and the system is effectively closed.
In that case, the spectral form factor K(τ), the Fourier transform of the two-level correlation function, is a good indicator of quantum chaos. Despite the (imaginary) magnetic field, which breaks time reversal invariance, our model fall within the GOE universality class typical of time reversal systems because the sum over primitive periodic orbits in eq. (8) is doubly degenerate which mimics the effect of time reversal invariance [49] . In this case, the GOE result for closed systems is K(τ) = 2τ for τ 1. We show next that the spectral form factor for JT gravity agrees with the RMT prediction in this limit and derive the extension of this result in the case of a finite escape ratio υ.
The spectral form factor is explicitly given by
whereρ(E) is the Heisenberg time in our system, the inverse of the mean level spacing. Inserting the analytical expression for the density eqs. (9), (10), results in [11] ,
where, S ∼ k is the classical action related to the geodesic and momentum k. Off-diagonal terms are suppressed due to both the sum over quasi random phases and the averaging procedure so we only consider primitive periodic orbits without repetition. With these simplifications, the spectral form factor is given by,
In the semiclassical limit of interest, the integral is dominated by long periodic orbits, so, using eq. (10),
A ≈ /e /2 . The sum is then replaced by an integral where the density of periodic orbits is the derivative of the number of periodic orbits of length less than L which according to the prime geodesic theorem [43, 44] is ∼ e δL /L . Therefore the integral simplifies to:
where T/T H = τ, υ = (1 − δ)T H is the escape rate in units of the mean level spacing, which agrees with the random matrix result in the limit δ → 1 corresponding to a closed quantum chaotic system. For δ 1, it also agrees with the prediction for an open quantum chaotic system in the semiclassical limit [65] [66] [67] or a random matrix scattering matrix [68] . We note that since δ is the lowest eigenvalue/resonance,
with T H → ∞ for δ → 0 close to the ground state.
The calculation of higher order terms in the τ expansion is feasible though rather cumbersome. In the limit δ → 1, it has been carried out in Ref. [45] and it agrees with the RMT prediction. We expect that for δ 1, it would also agree with previous results from RMT and semiclassical open quantum chaotic systems [67] .
Note that τ is measured in units of the Heisenberg time so even though it is an expansion in small τ, it describes the time evolution of the system for long times, of the order but smaller than the Heisenberg time. (15) whereτ W is the smooth part of the time delay that does not enter in the calculation of fluctuations, A ,m was defined in eq. (10) and S ∝ is the classical action related to the primitive geodesic of length and υ is the escape rate defined above. A RMT prediction, based on the modeling of the scattering matrix as a random matrix, for the variance and, among others, energy fluctuations of τ W is available [71, 72] . Assuming that the time scale related to the shortest periodic orbit is the smallest length scale in the problem, it agrees with that of deterministic quantum chaotic systems by using the trace formula [66, 67, 73, 74] . Interestingly, the same results are obtained by using only the periodic orbits inside the scattering region, or including the full orbits that eventually escape from it, see Ref. [75] and references therein.
A useful indicator of quantum chaos is the Wigner time delay variance var τ W , given by [67, 73, 75] ,
where only m = 1 terms, this corresponds to neglecting repetitions, are considered because higher m contributions are exponentially smaller.
As in the calculation of the spectral form factor, the leading term in the semiclassical approximation corresponds to the diagonal approximation = . The resulting single sum can be efficiently evaluated by using the prime geodesic theorem [43, 44] , and the expression for A eq. (10) in the limit of large . That results in,
with τ H the Heisenberg time, the time scale related to the mean level spacing. This in agreement with the RMT prediction. Indeed agreement has been found up to 8th order in the expansion parameter 1/τ H υ [67] .
We note that this expansion parameter is a sensible choice because if υτ H ≥ 1 the spectrum could at all effects be considered discrete, as in a closed system, where observables like the spectral form factor are more suitable to describe the quantum motion.
Agreement with RMT predictions is also found for other observables such as energy correlation of the time delay or other correlations involving the scattering matrix [75, 76] .
The main goal of the paper was to show that the result of a quantization of JT gravity whenever topological fluctuations are allowed, is that the dynamics is quantum chaotic. Namely, spectral correlations are given by RMT for long time scales of the order of the Heisenberg time. The results of this section strongly suggest that this is the case. We stress that key feature for this finding is that for any δ > 0 there is an asymptotic exponential growth [43, 44] of primitive periodic orbits leading to a finite topological entropy.
This property guaranties the analytical calculation of level statistics by using semiclassical techniques. We therefore expect that the obtained random matrix correlations are a robust feature of the spectrum of the Maass Laplacian on any of the hyperbolic Riemann surfaces of infinite area in the moduli space of the theory because in all of them δ > 0.
V. DISCUSSION AND CONCLUSION
In this exploratory study, we have studied the quantization of JT gravity whenever topological fluctuations are allowed. We have shown that the original quantum gravity problem is mapped onto the calculation of the spectrum of a certain Maass-Laplace differential operator on non-compact Riemann surfaces of infinite area and genus h ≥ 1 Remarkably, the spectrum of this open chaotic system is semiclassically exact.
The spectrum and resonances of this operator are written explicitly by a Selberg trace formula, namely, a sum over geodesics of the classical counterpart. Resonances, corresponding to classical trajectories escaping to infinity, are zeros of the associated Selberg theta function. The spectral form factor, the variance of the Wigner time delay agrees with the RMT prediction. This is an indication that full quantum ergodicity is a distinctive feature of quantum JT gravity. We stress that a requirement to observe quantum chaos is that the time scale related to shortest closed geodesic, a sort of Thouless time, must be much shorter than the inverse of the classical escape rate γ = 1 − δ with δ > 0. These quantities will depend among others on the dilaton boundary value, which is proportional to the magnetic field, and the genus h ≥ 1 of the surface.
It would be interesting to carry out an explicit calculation of δ and γ to fully confirm the quantum chaotic nature of quantum JT gravity. Moreover, the analogy between quantum JT gravity and the charged particle picture is only fully justified [34, 35] in the Schwarzian limit corresponding to a large and imaginary magnetic field. Therefore this is another condition for our results to hold.
